INTRODUCTION
Sexual size dimorphism is a feature of most dioecious animal species. In mammals and birds, males are typically larger than females, whereas in most other taxa females are larger than males (Ghiselin, 1974) . The main explanations for these patterns are that sexual selection has favoured larger male size in birds and mammals where male-male competition is intense, and larger female size in other taxa where female fecundity cofkelates with body size (Shine, 1988; Hedrick & Temeles, 1989; Mitani, Gros-Louis & Richards, 1996) . These two explanations are not mutually exclusive, however. For instance, it is possible that within a taxon a fecundity advantage has driven the evolution of females that are larger than males, but that at the same time the intensity of male-male competition has selected for different degrees of dimorphism among the species within that taxon. Other scenarios are possible, as fecundity-driven selection for large female sizes can also vary among related species.
Other evolutionary hypotheses involving ecological differences between the sexes have also been proposed (Shine, 1989) . In addition, the widespread correlations between sexual size dimorphism and species body size among related species has lead some to argue that dimorphism is an incidental by-product of allometry (Leutenegger & Cheverud, 1982; Bjtirklund, 1990) . Alternatively, there are suggestions that sexual size dimorphism represents merely a phylogenetic artifact which disappears after proper corrections (Cheverud, Dow & Leutenegger, 1 985; Bjorklund, 1990) . The respective roles of these non-adaptive processes and of sexual selection are not easy to extricate from the available evidence. Most comparative studies to date have focused on vertebrates, especially birds and mammals (see reviews in Shine, 1989; Fairbairn & Preziosi, 1994; Mitani et a/., 1996) , but recent analyses on other groups are highlighting the general role of sexual selection in the evolution of sexual size dimorphism (Abouheif & Fairbairn, 1997) .
In this paper I examine the relationship between sexual size dimorphism and the operational sex ratio in parasitic nematode species. In the polygamous mating system of nematodes, sex attractants are often produced by females, which then mate with one or more of the males in their vicinity (Poinar, 1983) . Many males can coil around a single female and compete for the chance to inseminate her (Bird & Sommerville, 1989) . In many species, males remain in copula for hours and place a copulatory plug in the female's gonopore following mating (Bird & Sommerville, 1989) . Very few observations have been made on the copulatory behaviour of parasitic nematodes, either in vivo or in vitro, because of their concealed habitat. The available evidence, however, suggests that competition for females occurs among males through physical contests for mating opportunities.
In the majority of parasitic nematode species, females are larger than males Morand & Hugot, 1997) . Since the lifetime reproductive output of female nematodes correlates with their body size both within (e.g. Szalai & Dick, 1989) and among species (Skorping, Read & Keymer, 199 1 ; Morand, 1996) ) sexual size dimorphism may well be the result of a fecundity-driven process. There is much
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interspecific variation in the degree of size dimorphism, however. Morand & Hugot (1 997) investigated patterns of variation in sexual size dimorphism among oxyuroid nematodes, parasitic in invertebrates and vertebrates. They found a weak effect of host type on size dimorphism, and an allometric increase in size dimorphism as a function of female size among species parasitic in primates. They suggest that the haplodiploid mode of reproduction of oxyuroids resulted in very weak selection for body size increases in males relative to females. In haplodiploid species, males are likely to be closely related to each other within individual hosts, a phenomenon that may reduce the pressure on male body size to respond to male-male competition (see also Sorci, Morand & Hugot, 1997) . Highly asymmetrical selection pressures on body size between males and females are also believed to be the cause of allometry in sexual size dimorphism in other parasitic organisms (Poulin, 1996) . Adult nematode sex ratio, however, though usually female-biased (Poulin, 1997) , varies greatly among oxyuroids and other parasitic nematodes, creating different levels of male-male competition for access to females. If' , as suggested above, greater body size is an asset for males physically competing against other males, this could lead to different evolutionary pressures on male size to increase among diploid nematode taxa, and to a lesser degree among haplodiploid oxyuroids as well. The importance of this factor is yet to be investigated in nematodes or other parasitic taxa.
The objective of this study is to determine whether sexual size dimorphism in parasitic nematodes covaries with sex ratio. The operational sex ratio, or the ratio of reproductively active females to males, is a realistic measure of the intensity of male-male competition and has been used previously in comparative studies of sexual size dimorphism (Mitani et al., 1996) . If intrasexual competition is important in the evolution of male nematode body size, male size relative to female size is expected to increase as the sex ratio becomes less female-biased. I tested this prediction while controlling for possible phylogenetic influences. I also tested for allometry in sexual size dimorphism, which could act to obscure any effect of malemale competition.
METHODS
Data collection
Data were compiled from a subset of the published sources listed in Poulin (1 997). The unit of study was the parasite population, defined here as all conspecific parasites found in a sample of hosts. Since some studies reported data from more than one independent host samples (often from different host species), information on more than one parasite population was sometimes available from one study. Studies were included in the data set only if (1) they provided information on both adult sex ratio and the sizes of adult males and females, and (2) they examined at least five hosts and recovered a total of at least 20 parasite individuals. In the end, 62 studies were included.
Sex ratio was measured as the number of adult females divided by the number of adult males. It was assumed that all adults were reproductively active, and that this measure represents the operational sex ratio. Size of adult males and females was taken as total body length. The ratio of male to female size is commonly used in studies of sexual dimorphism. This measure, however, is influenced by the shape of the relationship between male and female size (Ranta, Laurila & Elmberg, 1994) .
To remove the potential confounding effects of allometry, I used instead the residuals of a Model I regression of male size on female size (Ranta et al., 1994; Mitani et al., 1996) . This was done using either population values or independent contrasts (see below).
Nematode populations resulting from experimental infections of hosts were treated separately from those occurring in naturally infected hosts. This was done because sex ratios and adult body sizes in experimental and natural populations often differ within the same host-parasite system (e.g. McClelland, 1980) . This may result from intensities of infection (i.e. numbers of parasites per host) being on average about two orders of magnitude higher in experimentally infected hosts than in natural infections (Foulin, 1997) . Whatever the explanation, natural and experimental populations of nematodes were treated as separate data sets.
Nematode sex ratio and adult sizes vary among populations of the same species, either of natural or experimental origin. Sexually selected traits such as sex ratio and sexual dimorphism may be subject to strong and rapid selection (West Eberhard, 1983) . Thus different nematode populations may be considered as independent evolutionary entities in statistical analyses. The initial analyses were then performed on log-transformed data across nematode populations. The slope of the regression of male size on female size was compared to one, the value expected in the absence of allometry (LaBarbera, 1989; Fairbairn & Preziosi, 1994) .
In subsequent analyses, the potential effect of nematode phylogeny was controlled.
I employed the method of phylogenetically independent contrasts (Felsenstein, 1985; Harvey & Pagel, 1991) using the CAIC program, version 2.0 (Purvis & Rambaut, 1994) . This approach consists in using a nematode phylogeny to derive a set of independent contrasts between sister taxa. The computations were performed on log-transformed data and followed the procedures outlined in Garland, Harvey & Ives (1 992) and Pagel (1 992). True branch lengths in the phylogeny were not known and I used two approaches to address this problem. First, I used Grafen's (1989) method to assign arbitrary branch lengths based on the number of species descended from each branch. These branch lengths were used to standardize contrasts as recommended by Garland et al. (1 992). Second, I adopted a punctuated model of evolution in the analyses by assigning equal lengths to all branches. This is justified by the fact that the traits examined here are likely to be under strong and rapid selection (see Mitani et al., 1996) , and by the potential inadequacy of methods for assigning arbitrary branch lengths when the phylogeny is not f d y resolved (hrvis, Gittleman & Luh, 1994). Since both approaches yielded similar results, I only present andyses based on equal branch lengths. The phylogeny of nematodes is not completely resolved. I used the phylogenetic relationships among higher nematode taxa derived by Lichtenfels (1 979), DuretteDesset (1985) , and Adamson (1987) . Only relationships among genera had to be inferred from taxonomy, that of Anderson, Chabaud & Willmott (1974 -1983 and Anderson (1992) ; this is unlikely to create much inaccuracy in the phylogeny since few families contained more than two genera. When different populations of the same nematode species were available in the data set, contrasts were computed among them as for congeneric parasite species. Relationships among contrasts were assessed using correlations and regressions forced through the origin (see Garland et al., 1992, for details and justification). As in the analyses using nematode populations as independent observations, the slope of the relationship between contrasts in male size and contrasts in female size was compared to one to test for dometry in sexual size dimorphism (LaBarbera, 1989; Fairbairn & Preziosi, 1994) .
RESULTS
Natural populations
The data set included 46 natural populations of parasitic nematocds, representing 4 1 different parasite species and obtained from a wide range of host taxa (Appendix 1). A total of 29 independent contrasts could be derived from the nematode phylogeny. Using either populations or contrasts as independent observations, male size and female size were strongly correlated (Fig. 1) . Across nematode populations, the slope (0.948, 95% confidence intervals 0.880-1.016) of the linear regression of log male size on log female size was not significantly Merent from 1.0, indicating that male size varies isometrically with female size. The same result was obtained from a regression using phylogenetic contrasts (slope = 0.974, 95% confidence intervals 0.881-1.067).
Sex ratio did not correlate significantly with female size among values for populations (r= -0.213, ns) and among contrasts (r=0.149, ns). Similarly, there was no correlation between sex ratio and male size among populations (r= -0.282, ns) and among contrasts (r= -0.228, ns). Using both population values and phylogenetic contrasts, however, sex ratio correlated negatively with sexual size dimorphism, measured as the residuals of male size regressed on female size (Fig.  2) . The relationship among population values disappeared after the obvious outlier point ( Fig. 2A) was removed, but that among contrasts was not dependent on any single point. This suggests that as the sex ratio becomes more female-biased, the relative size of male nematodes decreases, independently of any phylogenetic influences.
.
Experimental populations
Data were obtained for 30 experimental populations of parasitic nematodes, representing 21 species (Appendix 2). All but one of the populations were from mammalian hosts. A total of 2 1 independent contrasts could be computed from the nematode phylogeny. Male size and female size were strongly correlated in analyses using either populations or contrasts as independent observations (Fig. 3) . Across nematode populations, the slope (0.973, 95% confidence intervals 0.905-1.041) of the linear regression of log male size on log female size was not significantly different from 1.0. As in the analyses on natural populations, this indicates that male body size varies isometrically, and not allometrically, with female size. The same outcome was obtained from a regression using phylogenetic contrasts (slope = 0.924, 95% confidence intervals 0.82 1-1.027). Sex ratio and female size did not correlate significantly among values for populations (r=0.065, ns) and among contrasts (r= -0.409, ns). Sex ratio did not correlate with male size among populations (r= 0.023, ns) but it did among contrasts (r= -0.521, W0.05). Using population values, sex ratio did not correlate with sexual size dimorphism, measured as the residuals of male size regressed on female size (Fig. 4) . Using phylogenetic contrasts, however, a negative correlation was found between sex ratio and sexual size dimorphism (Fig. 4) , and it remained following the exclusion of any single outlier point. Again, as with analyses on natural populations of nematodes, this indicates that the relative size of male nematodes tends to decrease as the sex ratio becomes more female-biased, after controlling for confounding phylogenetic influences. Figure 1 ).
DISCUSSION
Within species of several taxa of birds and mammals, larger males are competitively superior to small males, while across species male size relative to female size correlates positively with the degree of mate competition (see review in Mitani et al., 1996) . Evidence from other taxa, especially invertebrates, is rather limited. The results presented here are consistent with the hypothesis that the degree of male-male competition, as estimated by adult sex ratio, has played a role in shaping the extent of sexual size dimorphism in parasitic nematodes. Many male nematodes often coil around a single female (Bird & Sommerville, 1989 ) and large size could allow one male to displace other males. When female nematodes are abundant relative to males, males tend to be relatively small, but in situations where the operational sex ratio is closer to unity or even male-biased selection appears to have favoured relatively larger male sizes.
Little is known about the determinants of mating success in male parasitic nematodes. Morand & Hugot (1997) proposed that competition between males to inseminate females could have led to the evolution of small body size in males for at least two reasons. First, males maturing at a small size, and thus earlier, may inseminate more females than males maturing later at a larger size. Second, small males may be more mobile and better able to visit many females in the threedimensional habitat of the host gut. These arguments may only apply to the intestinal oxyuroid nematodes studied by Morand & Hugot (1 997), in which haplodiploidy and relatedness among males may dampen selection for male size. Among parasitic nematodes in general, physical contests for females can result in intense intrasexual competition for mates, depending on the operational sex ratio. In these situations, large males may be more difficult to displace, more successful in takeover attempts, and able to hold on to females for longer periods than small males. When male-male competition is weaker, other forces may act to keep males small. For instance, small males may perhaps be better at evading host immune responses than large males. Intraspecific competition for resources is also often reported in nematodes and other parasitic helminths, and leads to density-dependent reductions in growth, survival and reproduction (Keymer, 1982; Shostak & Scott, 1993) . Competition for these other resources may also have selected for particular body sizes. Over evolutionary time, immune evasion, intraspecific and intrasexual competition may all have combined to favour male body sizes best-suited for the pressures acting on each populations or species.
Morand & Hugot (1997) reported an allometric relationship between sexual size dimorphism and female body size among oxyuroids parasitic in primates after controlling for phylogenetic influences. They found that dimorphism increased with female size. Among the species in my data set, there was no such trend, male body size being a roughly constant fraction of female body size. The discrepancy between this result and that found by Morand & Hugot (1997) is probably due to the more limited taxonomic scope of their analysis: the pattern observed among oxyuroids may not be applicable to all parasitic nematodes. The absence of allometry in sexual size dimorphism among the species in my data set suggests that size dimorphism is not a mere by-product of body size, but instead that it may be constrained. The slope and intercept of the regression of male size on female size, using untransformed data from both natural and experimental populations, indicates that males are about two-third the size of females and that this ratio is mostly independent of body size. Departures from this ratio tend to be small. The fact that these deviations correlate with sex ratio is consistent with a role for male-male competition in pushing sexual size dimorphism away from the taxon-specific value. Other explanations are possible. For instance, selection acting on female body size only could also generate the observed patterns. Why larger females would be favoured when the sex ratio is very female-biased is not obvious. Perhaps larger females produce more attractant and are visited by more males when males are rare. Given the present state of knowledge on nematode mating behaviour, this explanation is possible but less likely than intrasexual competition among males.
Another hint that male-male competition and sexual size dimorphism in parasitic nematodes are tightly linked comes from the fact that results obtained with natural populations mirror those obtained with experimental populations. The artificial conditions prevailing in experimental populations, with their unnaturally high intensities of infection, could not mask the relationship existing in natural populations. This is particularly remarkable since nematode sex ratios are density-dependent and often vary with intensities of infection (Haukisalmi, Henttonen & Vikman, 1996; Poulin, 1997) . This is the first comparative analysis of the relation between sex ratio and sexual size dimorphism in parasites. Given what is known of the mating behaviour of nematodes (Bird & Sommerville, 1989) , the results agree with the hypothesis that male size evolves in response to intrasexual competition for mates. This study also suggests the joint action of the two mechanisms, male-male competition and the fecundity advantage, most often proposed to explain sexual dimorphism in body size. A fecundity advantage most likely resulted in female nematodes being larger than males, but intrasexual competition for females could be responsible for narrowing the gap between the sexes in some lineages. Other parasitic groups would also be good models for such studies. For instance, acanthocephalans have sex ratios that vary across species in their degree of female-bias (Poulin, 1997) , and sexual size dimorphism is known to affect mating patterns within at least some acanthocephalan species (e.g. Lawlor et d., 1990 
